Superhelical circular (form I) SV40 DNA was converted to linear molecules by the action of a partially purified restriction enzyme of Resistance Transfer Factor-R, of Escherichia coli. The resulting linear DNA molecules are full length, as judged by their sedimentation through alkaline sucrose gradient and by direct observation in an electron microscope. Nicked circular (form II) DNA was found as an intermediate in the conversion of form I DNA to linear DNA. Analysis of partial denaturation maps obtained by alkaline denaturation of the unitlength linear molecules showed that the break in SV40 DNA occurred at a specific site on the DNA.
molecules are full length, as judged by their sedimentation through alkaline sucrose gradient and by direct observation in an electron microscope. Nicked circular (form II) DNA was found as an intermediate in the conversion of form I DNA to linear DNA. Analysis of partial denaturation maps obtained by alkaline denaturation of the unitlength linear molecules showed that the break in SV40 DNA occurred at a specific site on the DNA.
Bacterial restricting endonucleases are known to introduce double-strand scissions in a few specific sites in unmodified DNA (1). Danna and Nathans (2) showed that the restricting enzyme of Haemophilus influenzae Rd (3) breaks Simian Virus 40 (SV40) DNA; the resulting product was a mixture of eleven fragments of SV40 DNA. They also reported (4) that the restricting enzyme of Escherichia coli B and the enzyme induced by bacteriophage P1 broke SV40 DNA to yield full-length linear DNA. The endonuclease induced by bacteriophage P1 does not break SV40 DNA at a unique site (Delius and Mulder, to be published; Risser, Hopkins, Davis, Delius, and Mulder, to be published).
The restricting enzymes of Resistance Transfer Factor (RTF)-R1 and RTF-R11 of E. coli were recently isolated by Boyer, Roulland-Dussoix, Yoshimori, and Aldridge (5) and were tested on SV40 DNA by Morrow and Berg and by Boyer and coworkers (personal communications). The R,, enzyme gave multiple breaks of SV40 DNA; endonuclease R, appeared to cut SV40 DNA only once. We show in this paper that R, endonuclease produces a scission at one specific site on SV40 DNA.
MATERIALS AND METHODS
SV40 DNA. SV40 strain 777, a gift of Dr. R. Dulbecco, was propagated on monolayers of established lines of monkey kidney cells (BSC-1, a gift of Dr. T. Benjamin, and CV-1, a gift of Dr. J. A. Robb). The cells were infected with a lowtiter stock of SV40 [5 to 25 X 106 plaque-forming units (PFU) /ml]. For some experiments the same virus (109 PFU/ml) was serially passed undiluted for three transfers on primary African Green monkey kidney (AGMK) cells (Flow Laboratories, Rockville, Md.) in order to obtain defective viral stocks (6) . The viral DNA was purified from supernatants of sodium dodecyl sulfate lysates (7) . These supernatants were phenol extracted and sedimented to equilibrium in CsCl (p = 1.59)-ethidium bromide (etdBr); the viral DNA was further purified by band sedimentation through neutral sucrose gradients, as described for polyoma virus DNA (8) .
Buffers. Buffer PE contained 1 mM EDTA in 10 mM potassium phosphate (pH 7.0). Buffer PEM contained 7 mM 2-mercaptoethanol in buffer PE; for elution of DEAE-cellulose columns, the pH was adjusted to 6.5 or 7.5 as indicated.
Isolation of Restricting Endonuclease R1. E. coli RY-13, a gift from Dr. R. Yoshimori (5) , was used as the source of enzyme; this is an endo I-derivative of E. coli B harboring resistance transfer factor R1. Bacteria were grown in a New Brunswick fermenter to late-logarithmic phase. The washed bacterial paste was disrupted in a French pressure cell and centrifuged for 60 min at 42,000 rpm at 20 in a type 42.1 Spinco rotor. All subsequent steps were performed at 4°. The enzyme was partially purified from these crude extracts by a slight modification of the procedure of Yoshimori (5) . The crude extracts were treated with streptomycin sulphate (2.5%). From the supernatant liquid the active protein was precipitated with an equal volume of saturated (NH4)2SO4. The pellet was redissolved, dialyzed, and run through a DEAE-cellulose column (at pH 6.5). This column was eluted with a 0.15-0.5 M NaCl gradient in buffer PEM. The active fractions were pooled, dialyzed, and applied to a phosphocellulose column. This column was eluted with a linear gradient from 0.35 to 0.7 M NaCl in buffer PEM at pH 7.0. The fractions with enzyme activity were pooled and concentrated, and the pH was adjusted to 7.5. After dialysis, this pool was applied to a DEAE-cellulose column equilibrated with buffer PEM at pH 7.5. The material that did not adsorb to the column (the "flow-through") contained the enzyme free of any other detectable deoxyribonuclease activity.
This preparation was used for all experiments described. Its protein concentration was 0.1 mg/ml. The enzyme requires Mg++ for activity, but no other cofactors (5) . The column fractions were tested for endonuclease R, activity by checking the conversion of superhelical SV40 DNA to linear DNA. The incubation conditions were as described in Fig. 1 (11) . The DNA (2 Ag/ml), after dialysis against PE buffer, was incubated with gene-32 protein (24 ,/g/ml) for 5 min at 370; after addition of glutaraldehyde to 10 mM, the mixture was incubated for another 15 min to fix the gene-32 protein to DNA. For spreading, the samples were diluted about 5-fold into the spreading mixture.
Spreading. The method of spreading with cytochrome c (Type V, Sigma Chemical Co.) was essentially that described by Davis, Simon, and Davidson (12) . The spreading mixture contained formamide (30%) ( Ri, was partially denatured by alkali treatment (the denaturation buffer contained 85 mM NaOH; pH was 11.1). T4 gene-32 protein (9) was bound to the melted strands of the DNA (11) so that they would appear slightly thicker. Arrows point to the stretches of native DNA.
Circular molecules are bacteriophage fd DNA, added before glutaraldehyde fixation, in order to bind an excess of gene-32 protein.
(b) SV40 DNA, cut by a limited amount of endonuclease R1, which produced nicked circles as well as the linear molecules. The partial denaturation at high pH (as in Fig. 2a , but without gene-32 protein) converts the nicked circles into a single-strand circle and a linear single-strand, linked together by a region of native DNA that melts at higher pH. The free single-strand stretches of the nicked DNA strand match in length the partially denatured linear molecules present in the DNA preparation, and those displayed in Fig. 2a .
(c) SV40
DNA, converted to linear molecules by endonuclease R1 and partially denatured at lower pH (10.9; 60 mM NaOH).
Proc. Nat. Acad. Sci. USA 69 (1972) Proc. Nat. Acad. Sci. USA 69 (j972) The linear DNA molecules that resulted from incubation of SV40 DNA with endonuclease R1 were examined by velocity sedimentation of the linear SV40 DNA through alkaline sucrose gradients (not shown). The DNA sedimented as a single band with a sedimentation coefficient equal to that of the single-strand linear component from a singly nicked form II SV40 DNA, indicating that the single strands of the linear DNA had the molecular weight of unit-length single-stranded SV40 DNA.
The action of the enzyme is not limited to SV40 DNA in the superhelical configuration; form II DNA obtained from form I by aging or by 32p decay was similarly converted to linear duplex DNA (not shown).
Form II DNA Is an Intermediate in the Enzyme Reaction. When either the incubation time (Fig. 1) or the enzyme concentration was limiting, the product of the reaction of form I SV40 DNA with the endonuclease was a mixture of form I, form II, and linear DNA. When the original superhelical SV40 DNA was incubated with the R1 restriction enzyme for 1 min, 40% of the DNA was converted to form II DNA and to linear molecules in equal proportion (Fig. 1) . Upon prolonged incubation, the proportion of form II molecules decreased, and the amount of linear molecules increased until more than 95% of the molecules were linear.
Partial Resistance to Endonuclease R1 of Some SV40 DNA Preparations. Treatment of SV40 DNA derived from a plaquepurified viral stock with the R, restriction enzyme led to a conversion of more than 95% of the DNA to linear molecules (Fig. 1) . The remaining circular molecules were isolated from such an incubation mixture with the enzyme; they were mainly superhelical and were resistant to further enzyme treatment. Different results were obtained when the DNA was derived from viral stocks that were not plaque-purified Fig. 3a. (b Such stocks were obtained after serial passage of the virus in AGMK cells at high input multiplicities. SV40 DNA derived after three such serial passages was incubated with endonuclease R1. Only 53% of this DNA was cleaved by the enzyme; the other 47% of the molecules remained in the superhelical form, even when a 25-fold excess of enzyme was used. A mixture of this 'H-labeled DNA and 32P-labeled normal SV40 DNA was analyzed by sedimentation through neutral and alkaline sucrose gradients; they sedimented at 19.9S and 21S in neutral or 52.7S and 55S in alkaline gradients, respectively. Thus, the average molecular weight of this Proc. Nat. Acad. Sci. USA 69 (1972) [PH] DNA preparation was only about 90% that of DNA derived from plaque-purified virus. After two more passages of the same virus on AGMK cells, more than 80% of the DNA had become resistant to the action of the restricting enzyme, indicating that though DNA from plaque-purified virus is almost completely cut by endonuclease R1, a resistant DNA fraction accumulated during infection of monkey cells with SV40 at high multiplicities.
Partial Denaturation Mapping was used to determine the specificity of the break produced in circular SV40 DNA by restricting endonuclease RI. The linear molecules produced by this break were partially denatured by alkaline treatment in the presence of formaldehyde (10), then fixed in the denatured state by incubation with dimethyl sulphate and subsequent dialysis. Fig. 2a shows an electron micrograph of linear molecules that were denatured to 95 i 2.2% at pH 11.1. In order to improve the accuracy of length measurements on the single-stranded DNA, these molecules had been treated with gene-32 protein, the product of gene 32 of bacteriophage T4 (11) . While the degree of denaturation was not changed significantly by this procedure, the single-stranded parts of the molecules appeared thicker than native DNA.
All molecules had a short stretch of native DNA. Linear maps were made by measurement of the total length of each molecule in two sets. Each set consisted of the native region plus one of the complementary stretches of denatured DNA on each side of the native region. The maps of 80 molecules are shown in Fig. 3a .
The average difference between the two determinations of the total length of each molecule was 3.2 4 2.2%, excluding the six molecules shown at the bottom of Fig. 3a that seemed to have suffered single-strand breaks at random positions. The length distribution of the 95%-denatured linear molecules (Fig. 4a) resembled the length distribution of the SV40 DNA circles before treatment with the enzyme (Fig. 4b) .
Length measurements on the original SV40 DNA showed a standard deviation of 4 5%. Since measurements on the replicative form of bacteriophage 4X-174 done under identical conditions yielded a standard deviation of only ±2%X, the relatively broad distribution of the SV40 DNA seemed to reflect actual length variations rather than inaccurate length determinations. Therefore, the maps were not corrected to standard length for construction of the histogram shown in Fig. 3b .
The major peak in the histogram is at 0.52 MAm, which is 0.30 fractional lengths from the left end of the molecules. This peak indicates the average position of the remaining native stretch of the partially denatured DNA. A smaller peak located to the left of the major peak arose because some molecules had a second, smaller, stretch of duplex DNA at 0.36 ,um (0.21 fractional lengths) from one end in addition to the major native region in the 0.52-im position. 79 of the 80 molecules were cut by the enzyme at a position 0.30 fractional lengths from a region linking the strands of the highly denatured molecules. This region is presumably high in G-C base pairs; it will be referred to as the "high G-C region." The first molecule in Fig. 3a had its native stretch mapping outside the peak region at a position 0.14 fractional lengths from the end. The total length of this molecule was 17%
shorter than average length; thus, it might either have suffered a deletion close to the left end, or have been cut twice by the enzyme.
Denaturation Maps of Endonuclease R1 Cut SV40 DNA 3219 When SV40 DNA was incubated with a limited amount of endonuclease HR the product of the enzyme action was a mixture of. Form I, Form II, and linear molecules (see Fig. 1 ). When this mixture was partially denatured, the Form II molecules in the mixture appeared in electron micrographs with single-stranded ends linked by the short stretch of native DNA to a single-strand circle (Fig. 2b) . In 48 of 61 partially denatured Form II molecules scanned (20% of the total DNA), the strands with ends were about the same length as the single-stranded stretches of the linear DNA in the same preparation. This indicated that these form II molecules had a single-strand scission at the same site as the DNA that had been converted to linear molecules.
A rather accurate value for the distance between the break produced by endonuclease R1 and the "high G-C" region can be obtained from analysis of the highly denatured molecules (Fig. 3) . It could be argued, however, that the endonuclease R1 does not produce a break at one unique site on the DNA, but rather at one of two possible sites located 0.30 fractional lengths on either side of the "high G-C" region. An analysis of DNA denatured to a lower degree eliminated this ambiguity. Fig. 2c shows an electron micrograph of linear SV40 DNA that was partially denatured to 47 ±t 8% at pH 10.9. The denaturation maps of forty of these molecules normalized to standard length are shown in Fig. 5a . The maps are oriented so that a native stretch of DNA coincided with the "high G-C" region of Fig. 3 . The histogram constructed from these maps is shown in Fig. 5b . The pattern of native stretches at both sides of the molecules was rather inconsistent and sometimes symmetric, so-that the decision as to which end of the maps to orient to the left was somewhat arbitrary. The important feature of the maps (in this context) is that they all showed a rather characteristic broad region of denaturation in the middle of the molecules, between 0.40 and 0.65 fractional lengths. If the enzyme could produce cuts at both sides of the "high G-C" region, a second group of molecules would have been expected with extensive denaturation close to one end of the maps. Therefore, we conclude that the break introduced by restricting endonuclease RH into SV40 DNA produced a homogeneous population of linear molecules with unique ends.
DISCUSSION
The evidence presented in this paper shows that the restricting endonuclease induced by RTF R1 converted covalently closed-circular SV40 DNA to linear duplex molecules if this DNA was derived from plaque-pusified virus. These linear molecules had the same length as the circular DNA, and the strands of the molecules were intact, as found by alkaline sedimentations and by electron microscopy (Figs. 2 and 3 ). All the linear molecules had a similar denaturation map, indicating that the enzyme cut the DNA at a specific site.
Evidence is also presented that form II DNA is an intermediate in the conversion of superhelical DNA to linear molecules. The rate of enzyme action (Fig. 1) was such that at early times, form II and linear molecules appeared at the same rate, but at later times the number of form II molecules started to decrease. These form II molecules could not be the result of the action of a contaminating nuclease, since molecules resistant to endonuclease R1 remained* in the superhelical form I. This result was found for the resistant fraction of SV40 DNA discussed before, and also for qX-RF molecules that were found to be resistant (unpublished results). Electron micrographs (Fig. 2b) 
